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Abstract
After Li-transmutation in fusion breeder blanket (BB) materials, T and 4He will diffuse reaching the breeder surface
where will be desorbed. Considering the experimental difficulty of handling T, other light ions are chosen to simulate
T behaviour. In the present work, 3He was implanted to a fluence of 2*1016 at/cm2 at -120ºC using a 600 keV 3He 
beam on sintered Li2TiO3 ceramics, one of the best candidates as BB solid materials. Temperature was increased up
to 900 ºC and the 3He release curve registered during heating. The 3He depth profiling is then obtained at -120ºC,
after 1h of annealing at 150 ºC, and finally after 5min at the maximum temperature (900 ºC) using NR analysis. A 
previous work on D-depth thermal profiling reveals the importance of the matrix microstructural characteristics.
Therefore both experiments are discussed comparatively.
© 2012 The Authors. Published by Elsevier Ltd.
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1. Introduction
Fusion energy is one of the most ambitious research endeavors whose results could change the world's
energy landscape opening the way to a safe, affordable, inexhaustible and CO2-free source of energy [1
* Corresponding author. Tel.: +34 91496 2574.
]. 
Tritium and Deuterium are the principal fuel for Fusion reactor power plants through the reaction:
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D + T  (n + 14.1 MeV) + (4He +3.5 MeV). 
 
Tritium is a fast-decaying radio-element of Hydrogen which occurs only in trace quantities in nature. 
Then is necessary to produce it. Breeder Blanket (BB) modules will satisfy this feature [2
 
]. In fact 
Breeder modules will absorb neutron and, if containing Lithium, compel the transmutation of the Li 
atoms into an atom of Tritium and one of Helium by the nuclear reaction:  
6Li + 1n  3H + 4He + 4.8 MeV, 
 
Within the fusion reaction, tritium can be bred indefinitely. Hence a breeder blanket has to guarantee [3
 good fuel production (T breeding function); 
]: 
 optimized tritium release properties, to assure a minimum level of safety into the reactor; 
 good thermal mechanical integrity, to ensure its function as a blanket;  
 a low activation rate which compels the reprocessing of breeder ceramics. 
 
Considering all these requests, six BB modules are being designed to be tested in ITER. The European 
Breeder Blanket program is working on two of these models: HCPB (Helium Cooled Pebble Bed) and 
HCLL (Helium Cooled Lead Lithium) [4
 
]. 
The present study is focused on the HCPB breeder blanket concept, with one of its best candidate solid 
materials: the Li2TiO3 ceramic. One of the main tasks for this material is the comprehension of Tritium 
mobility dynamics under reactor work conditions. T mobility inside BB should involve several processes, 
such as intragranular diffusion, transport along grain boundaries to the pore network, desorption at the 
gas/solid interface and release to the purge gas flow [ 5
 
]. The understanding of Tritium release 
mechanisms is necessary for reducing T retention in the irradiated matrix. Due to radioactivity reasons 
(its decay time is of 12 years) and the possibility of equipment contamination, Tritium presents several 
difficulties in handling and it must imply rigid safety procedures. As indirect experimental measurements, 
the use of other light ions, such as D or 3He, to simulate T behavior could be a good compromise. 3He 
presents some important characteristics in common with Tritium: the spin value (+1/2) and the atomic 
mass (3.016 amu). On the other hand, to understand 4He transport mechanisms in ceramics materials, as 
the other product of Li-transmutation, becomes very important in order to be able to make reliable 
extrapolations for its long-term behavior. 
Different methods for He detection could be found in the literature, which can be divided in 4 main 
groups: 
 
1.  mass spectrometry-based techniques (SIMS, TDS, EELS, ...), 
2.  resonance based methods (NMR, absorption spectroscopy, ...), 
3.  indirect methods (neutron scattering, small-angle X-ray..), 
4.  accelerator – based methods, as the many Ion Beam Analysis techniques (ERDA, p-RBS, NRA). 
 
Several authors [6,7,8
 
] emphasized the sensitivity of Nuclear Reaction Analysis (NRA) for its depth 
resolution: a very sensitive, quantitative and non-destructive method in the field of light elements 
detection. 
Therefore, the objective of the work is to study the temperature dependence of light ions behavior in 
one of the best candidates as solid breeder blanket for future fusion reactors by means of NRA 
measurements while observing the physical-chemical characteristics of the studied material. With this aim 
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the results of two different experiments are here discussed comparatively: the 3He and D thermal 
diffusion of lithium metatitanate (MTi) implanted ceramics. 
 
Nomenclature 
BB Breeder Blanket 
NRA  Nuclear Reaction Analysis 
MTi Lithium metatitanate ceramic (Li2TiO3) 
2. Experimental part 
 
2.1 Sample preparation and pellet characterization. 
 
Li2TiO3 samples were fabricated starting from commercial powders (Alfa Aesar, 99.9% purity). Powders 
were isostatically pressed at 230 MPa and the compact cut into 15mm in diameter discs of different 
 mm). Then, the desired densification range was achieved sintering the as-
prepared material in air at 1350 ºC during two hours. 
 
The structural characterization was carried out with a Philips X-Pert-MPD diffractometer with Cu-K
radiation source and a Si monochromator. The SEM microstructure was observed on fresh fractured 
samples using a Hitachi S-2500 microscope at 25 kV. 
 
 
2.2 Implantation and characterization of damaged samples 
 
3He experiments were performed within the project EMIR in collaboration with CEMTHI facility 
(Conditions Extremes et Materiaux: Haute Temperature et Irradiation, CNRS, Orleans, France). The 
DIADDHEM set-up, coupled to the ion Van der Graaff beam line of the CEMTHI facility, consists of a 
motorized goniometer, an electronic bombarded furnace, a copper cooled sample holder, with a cooling 
system, and three particle detectors (two PIPS and one annular type). The geometrical arrangement of 
detectors a
protons are detected by a PIPS detector at 0º, while -scattered deuterons and the other 
particles emitted from nuclear reactions are detected by the annular detector located at 178º. A third 
detector at 150º measures the background. This set-up configuration with special furnace geometry offers 
a 100% coincidence yield, the reduction of parasite signals by a factor of 4*104 and excellent temperature 
homogeneity in the sample. At the beginning of each set of experiments, a standard SiC sample was 
analyzed to be sure that the energy calibration of the detector was correctly determined. Further details 
concerning set-up description could be found elsewhere [9
 
]. 
To characterize the 3He thermal outgassing, the ion was implanted on sintered Li2TiO3 ceramics at -120 
ºC and 600 keV to a fluence of 2*1016 at/cm2. The beam size used for implantation was approximately 
2x2 mm2, with a beam-scanning step of 0.2 mm, resulting in a quite homogeneous implantation. 
Temperature was increased up to 900 ºC (at 10ºC/min) and the curve of remaining 3He registered during 
heating. The set-up was developed to determine the He desorption rate as a function of temperature and 
time by on-line detection of protons emitted from the 3He (D, p) 4He nuclear reaction. 
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The experiment was completed with the determination of the 3He distribution in the matrix as a function 
of depth at -120 ºC after implantation, at -120 ºC after 1h of annealing at 150 ºC, and finally at RT after 5 
min at the maximum temperature (900 ºC) using the well-known Nuclear Reaction Analysis (NRA) 
technique.  
 
3.  Results and discussion 
The MTi samples used during the implantation and NR analysis were 22% porous (3.43 g/cc of 
theoretical density), showing open porosity of bimodal pore size (6 and 0.08 μm) connecting the 15μm 
mean size rounded grains and nanometer close porosity (Figure 5). As determined by XRD, the MTi was 
a monophased material of high crystallinity. 
 
To verify the good mechanical resistance at the experimental temperatures, an as-sintered MTi sample 
was heated up to 700 ºC in vacuum. Room temperature NR analyses with 900 keV deuterons were in-situ 
performed on the as-received and on the temperature-treated sample. Comparative spectra are shown in 
Figure 1 where neither an hypothetical reduction in O in the vacuum facing surface, nor the presence of a 
C signal, in that in contact with the SiC sample holder, could be evidenced after the heating process.  
 
 
Figure 1. NRA spectra obtained on the as-received and the annealed (up to 700 ºC) samples. 
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Figure 2. Experimental depth profile of the MTi sample implanted at -120ºC compared to the SRIM simulation. 
Figure 2 shows the 3He as-implanted distribution curve as a function of depth obtained using NRA at the 
initial temperature (-120 ºC) in comparison with the SRIM calculation. The theoretical depth profile 
which can be obtained applying SRIM calculations shows an implantation maximum located at 1.7μm. 
Comparing with the experimental curve, maxims are almost coincident, the slight registered deviation 
being explained due to the porosity of the real ceramic sample, which was not considered for the 
simulation. 
 
The structural characterization was performed on the material prior to implantation and analysis. As 
determined by XRD analysis the MTi sample presents a unique phase of high crystallinity. The study of 
SEM fresh fracture surface microstructure (Figure 3) reveals that after sintering the open porosity 
network expected for breeder applications was met. Micro and nanopores (6 and 0.08 μm are the mean 
pore diameters measured using the Hg intrusion porosimetry) were observed to be interconnected in the 
MTi mat grain size.  
 
The 3He release curve was registered as a function of temperature. The remaining 3He yield was 
calculated using NRA data and followed during temperature increase up to 900  ºC. An almost constant 
plateau was registered up to 300 ºC while a significant change in desorption rate as a function of 
temperature was detected at 500 ºC when the release of He gas began to be effective. Then the outgas rate 
was constant up to 900 ºC. A 7-8% of the initial implanted amount was estimated to be the remaining He 
after 5 minutes of annealing at the maximum temperature. 
 
Focusing on Fusion applications, the most relevant result emerging from this work is the fact that the total 
release of 3He gas occurs in the estimated BB temperature range (300 ºC ÷ 900 ºC) [10]. Assuming that 
the 3He diffusion behavior is applicable to the eventual nuclear reaction products T and 4He, following the 
hypothesis which opens this paper, then a pebble bed made of MTi ceramic could then be considered a 
good candidate for a fusion BB, not only for its good mechanical properties under irradiation [11], and 
great potentiality for recycling and reprocessing [12
 
], but also due to the easy mobility of the light gases 
though its porous structure at fusion operational temperature condition. 
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Figure 3. SEM fresh fracture microstructure of a MTi ceramic pellet sintered at 1350 ºC.
The gas release behaviour and its depth distribution could also be followed with the aid of NRA profiles
at relevant annealing temperatures. A comparison of the depth profiles at three different annealing
conditions is shown in Figure 4. Profiles were measured after 3He implantation at -120ºC, after sample 
annealing at 150 ºC during 1 hour, and after sample annealing at 900 ºC during 5 minutes. As expected
from the above  mentioned release results, the depth profiles before and after annealing at 150 ºC/1h were 
quite similar, the ion loss being negligible even after 1h at 150 ºC. Therefore it was confirmed that the
3He diffusion was not effective at temperatures just above room temperature. After sample heating to 900
ºC and a dwell time of 5 minutes, the remaining He curve shows a weakly intense maximum (Figure 4)
whose area under the curve confirmed the amount of gas concentration obtained from the release curve.
For the three measured temperatures, it must be pointed out that the experimental peaks denoting the ion 
implantation maxima position are located exactly at the same depth (centered at 1.7 μm in Figure 4). This 
independent evolution with temperature may indicate the stable arrangement of 3He in the ceramic matrix
even after high temperature processes. Figure 4 also stress a fairly symmetrical implantation profile from 
the maximum to both sample surface and bulk a homogeneous, concluding that heating seems not 
affecting the 3He gas distribution along the sample thickness.
Figure 4. Experimental depth profile of the MTi sample sintered at 1350 ºC before and after different heating treatments.
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For comparison, previous results [13] on D-implantation are discussed. D behaviour with temperature 
was studied in the past also in a MTi matrix with marked differences in the microstructure compared with 
the material used during these experiments. In that case, less severe conditions during sintering gave a 
titanate ceramic samples showing higher grain boundary density due to smaller mean grain sizes and little 
open porosity values. D implanted in such matrix migrates towards the surface even at room temperature, 
while 200 ºC was the temperature at which the ion was completely outgassed. Results led to the 
conclusion that microstructure features (such as grain size and porosity) seems to play an important role 
in the D release with temperature. Therefore, conclusions on He mobility should be then stated after a 
complete characterization inside different MTi microstructures. Therefore the study concerning He will 
be completed in the near future with the thermal analysis of 3He diffusion behaviour in microstructurally 
modified MTi ceramic samples. Future experiments were already suggested to determine the extent of 
matrix microstructure effects in the mobility dynamics of these thermonuclear reaction products and to 
evaluate the activation energy for grain boundary diffusion, as suggested by Federici [14
 
].   
 
4. Conclusions  
With the aim of a better understanding of Tritium gas mobility in a candidate breeder blanket material, an 
indirect measurement has been here proposed. The study of the thermal-induced release of 3He implanted 
in the matrix of a Li2TiO3 (metatitanate or MTi) ceramic by using the NRA technique would help to 
simulate T transport behavior in fusion reactor conditions.  
 
A total dose of 5 x 1015 3He ions/cm2 was first implanted and then its depth profile analysed as a function 
of temperature up to 900 ºC. Gas release results show that 3He outgas is not effective at room temperature 
but starts at 500 ºC. After a 5 minutes annealing at 900 ºC, the remaining concentration is just a 7-8% of 
the initially implanted amount. 
 
Since the temperature considered in the actual concepts of solid breeder blankets will be in the range of 
500 ºC to 900 ºC, then 3He will be completely outgassed with time at reactor conditions. Assuming 
comparable mobility behaviours between 3He and the other two products (T and alpha particles) of the 
nuclear reaction taking place at the breeder material, the retention of T will be negligible inside of a 
porous metatitanate ceramic pebble bed, decreasing the effective T inventory. 
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